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In high-mobility two-dimensional electron gases Landau levels are already formed at very small
magnetic field values. Such two-dimensional electron gases show a huge negative magnetoresistance
at low temperatures and an unexpected and very strong non-linear behavior with the applied current.
This non-linearity depends on carrier concentration and is explained by the subtle interplay of elastic
scattering within Landau levels and in between Landau levels.
PACS numbers: 73.23.-b, 72.10.-d, 73.43.-f
A negative magnetoresistance with parabolic magnetic
field dependence at low temperatures was firstly observed
by Paalanen et al. [1] for a two dimensional electron gas
(2DEG). This negative magnetoresistance showed tem-
perature dependence and was theoretical described by
the electron-electron interaction correction to the con-
ductivity [2, 3]. Since the first observation of this effect
the sample quality and also the mobility of 2DEG im-
proved quite drastically. This has allowed to observe
a more pronounced negative magnetoresistance [4–10]
which is often called huge magnetoresistance. In addi-
tion to this huge magnetoresistance a peak around zero
magnetic field is also examined in high-mobility 2DEG.
Recently, it was shown that this peak originates from an
interplay of smooth disorder and macroscopic defects [10–
12]. In contrast, the huge magnetoresistance is not fully
understood so far for high-mobility 2DEGs. The behav-
ior of the huge magnetoresistance is effected by different
scattering events, e. g. interface roughness, rare strong
scatterers, background impurities and remote ionized im-
purities, which makes a theoretically description more
complex. The main scattering event is given by remote
ionized impurities due to the fact that the crossover be-
tween the huge magnetoresistance and the peak is dom-
inated by this type of disorder [10].
The behavior of the huge magnetoresistance which is
characterized by its curvature was already analyzed for
different conditions. At first a strong temperature depen-
dence was detected at low temperatures (T < 1 K) [5, 9].
An accurate analysis of the curvature shows two differ-
ent temperature dependences: For strong magnetic fields
(ωc τ >1) the value of the curvature decreases with tem-
perature by T−1/2 and for weak magnetic fields (ωc τ <1)
the temperature dependence is given by T−1 [9]. Fur-
thermore, the huge magnetoresistance gets more pro-
nounced by decreasing the electron density while its cur-
vature is left unchanged [5]. Additionally, effects of an
in-plane magnetic field component were examined [6, 10].
Based on these results the electron-electron interaction
correction to the conductivity considering mixed disor-
der [13, 14] was assumed as an explanation for the huge
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FIG. 1. The longitudinal resistivity ρxx is plotted vs. mag-
netic fieldB for different currents I ranging from 0.2µA to
10µA at T = 100 mK. The huge magnetoresistance (marked
by a dashed grey parabola) gets more pronounced by increas-
ing the current I while the peak around zero magnetic field is
left unchanged. Also, the Hall resistance Rxy is unaffected by
different currents as seen in the inset (a). The inset (b) shows
the corresponding curvature of the huge magnetoresistance
vs. current I on a log-log scale.
magnetoresistance [15]. However, different groups previ-
ously reported on discrepancies between such theoretical
models and the observed huge magnetoresistance [5–7].
In the following we present measurements of the huge
magnetoresistance as a function of applied current I and
introduce a theoretical model which was originally de-
veloped for the description of microwave-induced resis-
tance oscillations (MIRO) [16, 17] respectively for a phe-
nomenologically similar effect, the Hall field-induced re-
sistance oscillations (HIRO) [18]. Both MIRO and HIRO
are explained by elastic scattering between high Landau
levels due to remote ionized impurities [19]. We show
that simulations of this theoretical model also describe
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2the behavior of the huge magnetoresistance qualitatively
correct.
We studied high-mobility 2DEGs which were re-
alized in 30 nm wide GaAs quantum wells grown
by molecular-beam epitaxy. The quantum wells are
cladded by an undoped Al0.25 Ga0.75 As spacer and a
GaAs/Al0.25 Ga0.75 As superlattice. Additionally, they
are Si δ-doped from both sides. The highest elec-
tron mobility of µ ≈ 11.9 · 106 cm2/Vs was measured
for ne ≈ 3.3 · 1011 cm−2. Details on our high-mobility
2DEGs are also found in Ref. [5, 8–10]. The speci-
mens were structured as Hall bars with a total length
of 1.8 mm, a width of w = 0.2 mm and a potential
probe spacing of l = 0.3 mm. The Hall bars were de-
fined by photolithography and wet etching. We per-
formed all magnetotransport measurements in a dilution
refrigerator with a base temperature of 20 mK by us-
ing low-frequency (13 Hz) lock-in technique. The applied
current I oscillates with the same frequency and was var-
ied by changing amplitude. Various ungated and gated
samples were used for our magnetotransport measure-
ments. The behavior of the negative magnetoresistance
was always similar.
To examine the behavior of the negative magnetoresis-
tance for different electric fields the applied current I was
varied for a given temperatureT and an given electron
densityne. These current dependent measurements were
repeated for various electron densities. Figure 1 shows
the longitudinal resistivity ρxx vs. magnetic fieldB for
different currents I ranging between 0.2µA and 10µA for
ne = 3.3 · 1011 cm−2. The strong negative magnetoresis-
tance clearly consists of two contributions which differ
in their dependence on the applied current. The huge
magnetoresistance (dashed grey parabola) gets more pro-
nounced by increasing the current while the peak around
zero magnetic field is left unchanged. At the same time,
the Hall resistance Rxy is left unchanged for different
currents as seen in the inset (a) of Fig. 1. The inset (b)
illustrates a detailed analysis of this curvature for sev-
eral currents. Here, the curvature of a parabola fitted to
the experimental data is plotted vs. current I. Firstly,
the curvature value clearly increases with current for
I ≤ 4µA and accordingly the huge magnetoresistance
gets more pronounced. The strongest development of
the huge magnetoresistance is observed around I = 4µA.
Correspondently, a maximum is detected for the curva-
ture value. However, the huge magnetoresistance van-
ishes for further increase of the current I ≥ 4µA and the
corresponding curvature value decreases.
It was previously shown that the huge magnetoresis-
tance rapidly vanishes with temperature and the corre-
sponding curvature value decreases [5, 6]. Therefore, the
current dependence of the huge magnetoresistance ob-
served up to I = 4µA is clearly not caused by a heat-
ing effect. We determined the electron temperature from
the Shubnikov-de Haas oscillations (SdHO) to prove this
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FIG. 2. The longitudinal resistivity is shown ρxx vs. magnetic
fieldB for different currents ranging from 0.2µA to 10µA at
T = 100 mK. The huge magnetoresistance slightly decreases
with current I. The inset (a) shows the Hall resistance Rxy vs.
magnetic field B for several currents. The corresponding cur-
vature of the huge magnetoresistance is plotted vs. current I
on a log-log scale in inset (b). The curvature value clearly
decreases with current.
assumption following Coleridge et al. [20]. Despite the
strong current dependence of the huge magnetoresistance
we found a constant electron temperature of T ∼ 100 mK.
Further current dependent measurements for several
electron densities showed that the nonlinear behavior
of the huge magnetoresistance is related to the electron
densityne. Figure 1 reveals that for ne = 3.3 · 1011 cm−2
the huge magnetoresistance gets more pronounced by in-
creasing current I. In contrast, a different dependence
is observed for ne = 2.3 · 1011 cm−2. The longitudinal
resistivity ρxx is plotted vs. magnetic fieldB in Fig. 2.
Firstly, the larger height of the huge magnetoresistance
is noticed. This could be explained by the lower electron
density due to the fact that the huge magnetoresistance
gets more pronounced by decreasing the electron den-
sity [5]. Here, the Hall resistance Rxy is also unaffected
by different currents as seen in inset (a). However, for
ne = 2.3 · 1011 cm−2 the huge magnetoresistance vanishes
slightly by increasing the current while the peak around
zero magnetic field is still left unchanged. This obser-
vation is also seen in the dependence of the curvature.
Inset (b) shows that the curvature value decreases with
current I. In this situation, the current dependence of
the huge magnetoresistance is different for lower electron
densities than for ne = 3.3 · 1011 cm−2.
Measurements considering nonlinear transport mech-
anisms at non quantizing magnetic fields were recently
presented by Shi et al. [21]. They analyzed electric field
dependences of a more pronounced negative magnetore-
3sistance around zero magnetic field up to |B| ∼ 100 mT
for similar mobilities. However, their negative magne-
toresistance shows no parabolic magnetic field depen-
dence and persists to higher temperatures than the huge
magnetoresistance observed in our high-mobility 2DEGs.
Also, Zhang et al. [22] reported on nonlinear behavior of
the longitudinal resistivity for different electric fields. On
basis of the much lower mobilities they assumed inelastic
scattering in overlapping Landau levels at small mag-
netic fields. In contrast, in our high-mobility 2DEGs the
Landau levels are separated in the considered magnetic
field range. Our observed dependence of the huge mag-
netoresistance on the electric field deviates from common
theories (see e. g. [23]) studying a negative magnetoresis-
tance.
We consider a recently introduced theoretical
model [24] to describe the huge magnetoresistance for
varying currents due to the fact that the theoretically
expected curvature values fit to our experimental data
for several conditions (e. g. temperature, in-plane mag-
netic field component). Here, a former transport model
considering MIRO and HIRO (see e. g. [23]) is adapted
to the situation of the huge magnetoresistance which
is based on elastic scattering between Landau levels
due to remote ionized impurities [25–27]. Considering
references [24–26] the longitudinal resistivity ρxx is then
expressed by
ρxx ∝
{
1− e[− 2piΓh¯wc ]
1− 2e[− piΓh¯wc ] cos
[
2pi∆
h¯wc
]
+ e[−
2piΓ
h¯wc
]
}
(1)
with ∆ being the energy drop along the scattering jump
from the initial Landau level to the final Landau level due
to a static electric field ξDC . The static electric field ξDC
is aligned in current direction and is proportional to the
energy drop ∆ through ∆ = eξDC∆X
0. ∆X0 is the av-
erage effective distance of electrons for every scattering
jump. Thus, the longitudinal resistivity ρxx directly de-
pends on the Landau level width Γ as well as on the static
electric field ξDC which is proportional to the current I.
The Landau level width Γ becomes narrow (Γ h¯ ωc) in
high-mobility 2DEGs. According to this the number of
states with similar energy in a Landau level rises with de-
creasing Landau level width Γ, while the density of states
between two Landau levels decreases.
The tilt angle of the Landau levels is important for the
description of the huge magnetoresistance for different
currents. Considering eq. (1) an increase of static electric
field ξDC with the applied current I could lead to two op-
posing effects in terms of the longitudinal resistivity ρxx.
On the one hand, the tilt of the Landau levels increases
with the static electric field ξDC . The energy drop ∆ rises
and scattering events end up between two Landau lev-
els. Here, only a low density of final states is found.
The longitudinal resistivity ρxx following eq. (1) becomes
smaller which comes along with a more pronounced huge
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FIG. 3. The curvature value of the huge magnetoresi-
tance is plotted against the current I on a log-log scale
for ne = 3.3 · 1011 cm−2. The circles are experimentally de-
termined values of the curvature. Three different scatter-
ing regions are marked. (1)-(3) present the corresponding
schematic diagram considering elastic scattering process. The
narrow Landau levels are illustrated as grey stripes. (1) The
scattering is close to the center of a Landau level. (2) The
tilt of the Landau levels increases with current and the scat-
tering is shifted to empty states between two Landau levels.
(3) The increase of the Landau level width becomes impor-
tant and compensates the tilt.
magnetoresistance. On the other hand, a sufficient high
current I triggers more scattering processes which leads
to wider Landau levels. In this case the longitudinal
resistivity ρxx considering eq. (1) rises and the huge mag-
netoresistance starts to vanish.
On account of this we are able to explain the elastic
scattering process between Landau levels in the situation
of various currents for ne = 3.3 · 1011 cm−2. The curva-
ture of the huge magnetoresistance is shown vs. cur-
rent I at T = 100 mK on a log-log scale in Fig. 3. The
circles are experimentally determined values of the cur-
vature. Three different scattering regions are marked by
numbers and the corresponding schematic diagrams con-
cerning scattering in and between Landau levels are also
shown in Fig. 3. In region (1) the current I is too low
for an increase of the Landau level width Γ. Hence, the
scattering is close to the center of a Landau level. Here,
the probability of an empty state is high which corre-
sponds with a large scattering rate and with an increase
of the longitudinal resistivity ρxx. The resulting height of
the huge magnetoresistance is small. If the current keeps
rising, the tilt of the Landau levels increases and scat-
tering events are shifted to a region with a lower density
4of states (scattering region (2)). Now, scattering events
might end up between two Landau levels. The scattering
rate decreases and the huge magnetoresistance appears
which becomes more pronounced by further increase of
the current. Thus, for this scattering region the effect
of the Landau level tilt is important and dominates the
longitudinal resistivity ρxx. However, around I = 4 µA
the scenario changes. The effect of the increasing Lan-
dau level width Γ takes over in the scattering region (3).
The further increased current produces additional scat-
tering events. Hence, the Landau levels become wider
and provide a larger number of empty states. Scatter-
ing events on several types of disorder become impor-
tant and are efficient enough to compensate the influence
of the Landau level tilt. Consequently, the longitudinal
resistivity ρxx rises again and the huge magnetoresistance
starts to vanish. Due to the simultaneous action of this
two opposing effects the destruction of the huge mag-
netoresistance is slow. The situation in scattering re-
gion (3) is similar to our observations for lower electron
densities ne < 3.3 · 1011 cm−2.
According to our experimental data we identify two dif-
ferent regimes in the increase of the Landau level width Γ
due to the current I. The increase in Γ is negligible for
sufficiently low currents I < 4µA. However, at I ∼ 4µA
the Landau level width Γ begins to increase. In order
to simulate this behavior we have phenomenologically
introduced a smoothed step function which relates the
increase (δΓ) of the Landau level width with the energy
drop ∆ and the initial Landau level width Γi. Hence,
the increase of the Landau level width is expressed by
δΓ ∝ 1 + tanh(∆ − Γi). ∆ < Γi and so δΓ is negligible
for low currents. At sufficiently high currents we reach a
point where the energy drop ∆ surpasses the initial Lan-
dau level width Γi. δΓ becomes important and we enter
a new scattering regime.
On the basis of the smoothed step function δΓ and
eq. (1) the longitudinal resistivity ρxx was simulated as
a function of the current I for various electron densi-
ties ne. Figure 4 (a) presents the simulation of the
remarkable behavior of the huge magnetoresistance for
ne = 3.3 · 1011 cm−2. The corresponding inset reflects
the dependence of the curvature value for a better com-
parison with the experimental data (grey circles). In
Fig. 4 (a) one sees that the huge magnetoresistance gets
more pronounced with current I at the beginning. Re-
spectively, the value of the curvature rises as shown in the
inset. At I = 4µA a maximum is detected and the huge
magnetoresistance decreases for higher currents I > 4µA
as expected from the experimental data. Here, the calcu-
lated values of the curvature fit nicely to the determined
experimental values (grey circles). Figure 4 (b) presents
the current dependent behavior of the huge magnetoresis-
tance for ne = 2.3 · 1011 cm−2. The huge magnetoresis-
tance lessens with increasing current I which results in a
decreasing curvature value for this lower electron density
1.0


x
x
(
)
1.2
1.4
1.6
1.8
0
B (mT)
1.0


x
x
(
)
1.2
1.4
1.6
25 50 75
(a)
1 µA
10 µA
1 µA 10 µA
0
B (mT)
25 50 75
(b)
1
0.8
0.6
0.4
0.2
cu
rv
a
tu
re
(k
m
/V
s
)

4
2
2
1 2 104 60.3
I ( A)
1
0.8
0.6
0.4
0.2
cu
rv
a
tu
re
(k
m
/V
s
)

4
2
2
1 2 104 60.3
I ( A)
FIG. 4. The calculated longitudinal resistivity ρxx is plotted
against magnetic fieldB for different currents I. Simulations
for two different electron densities are presented. Both insets
compare the corresponding curvatures of the huge magnetore-
sistance from these simulations with the experimental data
(grey circles) using a log-log scale. (a) Firstly, the huge mag-
netoresistance becomes more pronounced with current I for
ne = 3.3 · 1011 cm−2. Here, the simulations fit nicely to our
experimental data. (b) The current dependent behavior of
the huge magnetoresistance is shown for ne = 2.3 · 1011 cm−2.
The huge magnetoresistance lessens with increasing current
which results in a decreasing curvature value.
(see corresponding inset). The simulation qualitatively
describes the observed behavior of the huge magnetore-
sistance. The observed nonlinear behavior of the huge
negative magnetoresistance can be reproduced in simu-
lations by taking into account elastic scattering within
Landau levels and in between Landau levels. However,
for ne = 2.3 · 1011 cm−2 the theoretically expected height
of the huge magnetoresistance is lower as the experimen-
tal observed height. From this it follows that the huge
magnetoresistance depends stronger on the electron den-
sity than supposed.
As long as the considered disorder potential is dom-
inated by scatterings events due to remote ionized im-
purities our theoretical model describes the huge magne-
toresistance qualitatively correct. However, the behav-
ior of the huge magnetoresistance is referable to several
types of disorder as mentioned above. The probability of
5scattering on interface roughness, rare strong scatterers,
background impurities and remote ionized impurities are
in high-mobility samples most likely [23]. Recently, it
was shown that rare strong scatterers, respectively oval
defects, influence the behavior of the longitudinal resis-
tivity at small magnetic fields (see Ref. [10] ). Hence,
the peak around zero magnetic field reflects the interplay
of remote ionized impurities and rare strong scattereres.
However, the contribution of rare strong scatterers to
the longitudinal resistivity decreases with magnetic field.
Already, the crossover between the peak and the huge
magnetoresistance is dominated by scatterings events due
to remote ionized impurities. The strength of interface
roughness could be probed by transport measurements in
different crystal directions. An anisotropy between this
measurements is a sign for a contribution of interface
roughness to the longitudinal resistivity. We observe an
anisotropy of about 10 % for our high-mobility 2DEGs.
Hence, the influence of interface roughness to scatter-
ing events cannot be neglect for the description of the
huge magnetoresistance. In addition, the contribution
of the listed types of disorder rises if the electron den-
sity is decreased. According to this also the probability
of scattering events on background impurities increases
and becomes relevant for the behavior of the huge mag-
netoresistance. Correspondingly, the huge magnetoresis-
tance is not only dominated by a long range disorder
potential due to remote ionized impurities. Here, the
interplay of several types of disorder leads to changed
scattering mechanisms which is mainly seen in the cur-
rent dependent behavior of the huge magnetoresistance
in the situation of ne = 2.3 · 10−11 cm−2. Until now the
interplay of different types of disorder is not satisfactorily
considered in common theory models.
In conclusion, we showed that the huge magnetoresis-
tance is influenced by elastic scattering between Landau
levels due to remote ionized impurities. On the basis of
current dependent measurements we identify two differ-
ent scattering regimes in the increase of the Landau level
width Γ. Simulations of the theoretical model fit nicely
with the experimental data for higher electron densities.
However, we also found that the huge magnetoresistance
depends stronger on the interplay of different types of
disorder than assumed. So, further calculations are left
for future work to explain the strong electron density de-
pendence.
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